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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The assessment of fracture behaviour of ferritic/ferritic martensitic steels in Ductile to Brittle Transition (DBT) region iscrucial 
for shallower cracks. In this work the fracture behavior of In-RAFM steels isinvestigated with systematically varying a/W using 
Master Curve approach. This a/W effect is investigated using σ*-V* approach by calculating the active volume at simulated crack 
front. It is observed that the fitting parameter of σ*-V* approach is in direct correlation with changing constraint parameter 
ΔTstress.The constraint effect with varying crack depth is also captured by a novel constraint parameter referred as Weibull 
triaxiality. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scie tific Committee of ECF21. 
Keywords:Type your keywords here, separated by semicolons ;  
1. Introduction 
The fracture behaviour of ferritic/martensitic steels is being studied for its application as blanket material in 
fusion reactor. One of the important parameters for the performance assessment of ferritic/martensitic steels is the 
ductile to brittle t ansition temperatur .  
  
* Corresponding author. Tel.: +91-2559-5304; fax: +91-22-25505151. 
E-mail address: abhishektiwari@daad-alumni.de 
 
2 Author name / StructuralIntegrity Procedia  00 (2016) 000–000 
 
Nomenclature 
β fitting parameter used in σ*-V* post processing 
σYS yield strength 
σ* critical maximum principal stress encompassing volume responsible for cleavage 
σe equivalent/von-Mises stress  
σh hydrostatic stress component 
q ratio of equivalent stress and hydrostatic stress components 
qW integrated q in the sampled active volume, V* encompassed by σ* 
KJC elastic plastic fracture toughness based on J-integral   
KJC,(1T) elastic plastic fracture toughness based on J-integral  for specimen of thickness 1 inch 
T0 reference transition temperature defined by ASTM E1921-13a 
Tstress second term of William’s stress function 
ΔTstress Change in Tstress as a function of increasing crack length 
V reference volume used for normalizing Weibull stress or Weibull triaxiality 
V0 threshold active volume used as fitting parameter  
V* critical Volume responsible for cleavage encompassed by σ* (σ1> 2×σYS at crack tip) 
W width of a fracture specimen 
Z’  curve fitting parameter 
TPB three point bend 
SSY Small Scale Yielding 
 
The conventional Master Curve approach, which is used to characterize the fracture behaviour of ferritic and 
ferritic/martensitic steels, restricts the crack depth to be in the range of 0.45 ≤a/W≤ 0.55 (ASTM E1921-13a, 
2013). The fracture toughness is known to decrease with increasing crack depth owing to increase in constraint 
(Chen et al., 2007). Despite the fact that the fracture parameters corresponding to shallower crack depth are 
unconventional due to its non-conservative values, in transition region a correlation to assess the shift in reference 
transition temperature with different crack depth is of great importance. 
The fracture toughness of ferritic and ferritic/martensitic steels having BCC structure, generally shows a 
transition not only with temperature, but also with crack depth being tougher for shallower crack and brittle for 
deeper crack in DBT region. This is attributed to constraint loss for shallow cracks. In this work, the MC 
methodology is used to estimate reference transition temperature for different crack depths and the loss of constraint 
is examined numerically. The details on Master Curve methodology is not described in this work and can be found 
elsewhere for e.g. Wallin (1999), ASTM E1921-13a (2013). 
2. Experimental details and material 
The Indian Reduced Activation Ferritic Martensitic Steel (In-RAFMS) is a newly developed steel in the category 
of reduced activation ferritic martensitic steel for fusion reactor blanket application. The chemical composition of 
the steel is shown in Table.1. The steel plates were solutionized after hot rolling to 1250K for 30mins and tempered 
for 60mins at 1033K. The steel comprises tempered martensitic structure with carbides precipitated at lath and pre-
austenitic grain boundaries (Laha et al.,2013). The fracture specimens were fabricated in the form of sub-sized 
charpy specimen with 5mm thickness. 
 
Table 1. Chemical composition of In-RAFMS 
C Cr W V Ta Si Mn S N Ni,Sn,Co 
0.08 9.15 1.37 0.24 0.08 0.026 0.53 0.002 0.02 ≤0.004 
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The fracture specimens were pre-cracked to obtain width normalized crack length in the range of 0.2 to 0.6. After 
carrying out the fracture tests in three point bending, the broken specimens were observed for pre-crack length 
measurement using 9 point average method under low magnification stereo microscope.  The specimens after 
measurement of pre-crack length, were categorized according to their a/W values in ranges of 0.2-0.3±0.04, 
0.4±0.04, 0.5±0.04, 0.6±0.09, as shown below.  
 
 Group 1 (Gr-1) = 0.19-0.34 
 Group 2 (Gr-2) = 0.35-0.44 
 Group 3 (Gr-3) = 0.45-0.54 
 Group 4 (Gr-4) = 0.55-0.69 
 
The fracture tests were performed in an environmental chamber at -110oC, -120oC, -130oC, -140oC and -150oC. 
The temperature was maintained with ±1oC accuracy by recirculating liquid N2 in the environmental chamber fixed 
with the universal testing machine. The test data in these categories were analyzed using MC approach. 
3. Numerical Analysis 
To understand the effect of crack depth on the volume sampled ahead of the crack tip under the maximum 
principal stress dominance, numerical analyses were performed on a/W of 0.3, 0.4, 0.5, 0.6 and 0.7. The geometry 
used for modelling was 5×10×55mm3 sub-size charpy specimen with 2×2×2 reduced integration and incremental 
loading algorithm. The tensile properties were used for -110oC obtained from 4mm diameter and 20mm gauge 
length round bar tensile specimen. The quarter symmetric geometry modelled is shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Quarter symmetric charpy geometry with active volume at crack front 
The numerical analysis was post processed for the σ*-V* behavior investigation. The cleavage failure is 
described in this approach by the volume ahead of the crack tip encompassed under maximum principal stress 
σ1higher than a threshold. The threshold value is generally taken to be twice of yield strength σYS. The details of 
calculation involved in σ*-V* approach can be found in earlier work by Tiwari et al. (2015). 
Another post processing was carried out to define a new constraint parameter derived from Weibull stress 
approach of micro-mechanical cleavage model. The triaxiality or constraint has been described in numerous forms 
such as, elastic Tstress, Q-stress and q. The parameter ‘q’ is described as the ratio of equivalent stress σe and 
hydrostatic stress component σh. This ratio is known to be affecting the damage in the material resulting in void 
4 Author name / StructuralIntegrity Procedia  00 (2016) 000–000 
growth and coalescence, however very less work on its effect on cleavage has been performed. For e.g. Bhowmik et 
al.(2015), on his work on 20MnMoNi55 reactor pressure vessel grade steel, has calibrated load displacement 
behavior of CT geometry with the experimental results and calculated the traixiality in terms of q at single point. 
However, it is well known that in transition region especially in the lower region of transition the crack initiates 
from the weakest link which may not be at the otherwise highest constraint point due to the random distribution of 
cleavage initiators. Therefore, a better understanding of parameter q can be investigated by considering a 
distribution of q in the active volume. 
In this work a novel calculation of q in the active volume defined by σ*-V* model is calculated. The approach is 
similar to Weibull stress calculation and hence is referred here as Weibull triaxiality qW. The expression for 
calculation of qW is shown in Eq. (1). 
dV
V
q
V
h
e
W 
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0
1

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The Weibull triaxiality was calculated in the domain of active volume and therefore represents the distribution of 
triaxiality q over the sampled active volume ahead of crack tip under the region where maximum principal stress σ1, 
exceeds the value twice of σYS. 
4. Results and discussion 
The Master Curves corresponding to four groups of a/Ware plotted in Fig. 2. The valid number of tests, T0 and 
standard deviations associated with Weibull fit of fracture data are shown in Table 2.  
 
 
 
  Fig. 2 Master Curve plot for (a) Gr-1, (b) Gr-2, (c) Gr-3 and (d) Gr-4. 
(a) (b)
(c) (d)
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Table 2. Statistical details of MC analysis of grouped datasets 
 Total no. of tests Valid tests KJCEq (MPa m1/2) T0(0C) Std-Dev-1 Std-Dev-1 
Gr-1 15 9 80.62 -125 28.86 43.27 
Gr-2 15 9 81.22 -115 24.35 43.27 
Gr-3 12 8 75.8 -105 20.62 48.18 
Gr-4 12 8 67.33 -99 18.7 48.18 
 
The Master Curve analyses of the four grouped dataset shows a systematically increasing T0 with increasing 
crack depth. The increasing constraint which causes otherwise non-critical cleavage initiators such as carbides to 
trigger cleavage by developing high stress field explains the result. Also the matrix helps under higher constraint by 
allowing decohesion and micro-crack formation in the active volume ahead of crack tip.  
The constraint due to changing crack depth is measured by calculating Weibull traixiality as explained earlier. 
The active sampled volume is calculated using method described elsewhere (Tiwari et al., 2015) for a/Wratio of 0.3, 
0.4, 0.5, 0.6 and 0.7. The behavior of active volume is plotted against KJC calculated from load-load line displacment 
response of simulated model in Fig. 3. The KJC vs. V* is fitted using power relation as shown in Eq. (2).  
)(' 0VVZKJC           (2) 
It can be seen in Fig. 3 that the fitting parameters of Eq.(2) show a systematic trend with crack depth.  
 
 
Fig. 3 Curve fitting of active volume calculated according to Eq.(10). 
The Weibull triaxiality calculated in the active volume is plotted for different a/W models with corresponding KJC 
in Fig. 4.  
The behavior of Weibull triaxiality shows, for investigated geometry, an increasing constraint trend with 
increasing crack depth. However, for a/W of 0.5, 0.6 and 0.7 the qW response is close especially for 0.5 and 0.6 a/W 
values. The importance of fitting parameters of Eq. (2) and qW is further investigated by comparing with Tstress and 
change in Tstress associated with change in a/W. The Tstress for TPB geometry is calculated by the polynomial 
correlation given by Wallin et al., as shown in Eq. (3). 
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To visualize the variation of qW with a/W, values of qW at 100 MPa m1/2 are compared with fitting parameters of 
Eq.(2) and Tstress. The comparison of fitting parameters Z’, β and qW is shown against Tstress and ΔTstress in Fig. 5. 
 
 
Fig. 4 Weibull triaxiality calculated for different a/W simulations 
 
 
Fig. 5 Variation of fitting parameters of Eq.(2) qWand absoluteqW with (a) ΔTstress and (b) Tstress against a/W. 
It is evident from Fig. 5 that the fitting parameters obtained by using σ*-V* model captures the constraint effect 
with great accuracy. Moreover, the Weibull triaxiality also shows a good correlation with standard constraint loss 
parameter Tstress. From Fig. 5(b), it can also be observed that fitting parameter β shows a quadratic variation with 
a/W unlike Tstress. However, in both Fig. 5(a) and 5(b) qW shows better correlation with Tstress as well as ΔTstress. This 
shows the accuracy of new constraint parameter qW, for modelling constraint effect on fracture in DBT region. 
Using the KJC-V* correlation shown in Fig. 3 and assuming that same amount sampled volume results in equal 
cleavage failure probability; the fracture data of different crack depths were transformed to 0.5 a/W. By equalizing 
the sampled active volume for two different crack depth specimens, namely A and B, the transformation of KJC,B to 
KJC,A can be expressed by Eq. (4). 
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a/W unlike Tstress. However, in both Fig. 5(a) and 5(b) qW shows better correlation with Tstress as well as ΔTstress. This 
shows the accuracy of new constraint parameter qW, for modelling constraint effect on fracture in DBT region. 
Using the KJC-V* correlation shown in Fig. 3 and assuming that same amount sampled volume results in equal 
cleavage failure probability; the fracture data of different crack depths were transformed to 0.5 a/W. By equalizing 
the sampled active volume for two different crack depth specimens, namely A and B, the transformation of KJC,B to 
KJC,A can be expressed by Eq. (4). 
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Using Eq. (4), the transformed data at 0.5 a/W were analyzed using MC method as shown in Fig. 6.   
Fig. 6 Master Curve plot of all KJC transformed to a/W = 0.5. 
5. Conclusion 
Master Curve fracture toughness analysis was carried out on 0.2T specimen in the range of 0.2 to 0.7 a/W. The 
dataset were categorized based on a/Wand analysed for reference transition temperature determination. The T0 was 
found to be increasing with deeper crack depth. The numerical analysis showed that under non-SSY stress field 
condition for both constraint loss and high constraint specimens the active volume scaling with KJC changes 
drastically and cannot be analysed using conventional Master Curve method. On the other hand in the range of 0.37 
≤ a/W≤ 0.54, the data can be analysed using Master Curve by transforming the dataset to a single a/W scale. The 
numerical analysis of active volume ahead of crack front showed a good correlation with change in Tstress. The fitting 
parameters Z´ was found to follow one on one correlation with ΔTstress and therefore this parameter can be used as a 
measure of constraint for cleavage fracture.  
The new constraint parameter qW was investigated for different crack depth models and correlated with standard 
constraint parameter Tstress. The constraint was found to be captured more accurately by Weibull triaxiality in 
comparison with fitting parameters of KJC-V* behaviour.  
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